The effects of the residual proton-neutron interactions on bandcrossing features are studied by means of shell model calculations for nucleons in a high-j intruder orbital. The presence of an odd-nucleon shifts the frequency of the alignment of two nucleons of the other kind along the axis of rotation. It is shown that the anomalous delayed crossing observed in nuclei with aligning neutrons and protons occupying the same intruder subshell can be partly attributed to these residual interactions.
I. INTRODUCTION
The cranked shell model (CSM) approach [1, 2] accounts well for the overall systematics of bandcrossing phenomena in rapidly rotating medium and heavy mass nuclei. In this model the protons and neutrons move independently in a fixed rotating potential. As a consequence of this assumption, the alignment of a pair of neutrons with the rotational axis depends only on Coriolis force, i.e. the angular velocity of the deformed potential. The corresponding bandcrossing is seen at the same rotational frequency for different proton configurations.
However, recently substantial deviations have been reported in the high-spin study of nuclei near N = Z using this CSM approach. These deviations concern the crossing between the g -band and the s -band in the even neutron systems (the "(AB)-crossing") :
• the (AB)-crossing in the odd-proton nuclei is considerably delayed as compared to the neighboring even-even nuclei,
• in the case of N = Z even-even nuclei, the (AB)-crossing is substantially delayed as compared to the neighboring N = Z.
These observations are difficult to explain using the simplistic CSM picture where neutrons and protons are independent of each other. The simple picture is disturbed near N = Z by the residual interaction between protons and neutrons. The strong short range protonneutron (p-n) attraction probes the relative orientation of the high-j orbitals, because of their strongly anisotropic, torus like density distributions. It favors the antiparallel (J = 0, 1) and the parallel (J = 2j) coupling of a p-n pair, the energies being comparable. Since there are many low-J pairs available, they tend to form a correlated state (p-n pairing). Processes in which the high-j particles change their relative orientation should be good means to study these aspects of the p-n interaction. In this manuscript, we investigate a special kind of such reorientation, the alignment of a pair of neutrons with the axis of rotation. By means of a shell model calculation it will be demonstrated that the rotational frequency at which the neutron alignment occurs changes when an additional protons are present and that the 2 frequency shift are sensitive to the p-n interaction and the correlations it generates. It will also be shown that the p-n interaction causes a delay of the first double bandcrossing in N = Z nuclei as compared to nuclei with N = Z.
II. THE SHELL MODEL
In our model the protons and neutrons in a j-shell interact via a delta force and move in the deformed rotating potential generated by the nucleons outside the j-shell. The model hamiltonian is the same as used in refs. [5, 6] , where one may look for the details, and is given by
The first term is the deformed quadrupole field where κ is related to the deformation parameter β by κ = 51.5A 1/3 β in units of the coupling strength G of the delta force. The second, cranking term describes the uniform rotation about the x-axis with the frequency ω and the third term is the interaction. The eigenfunctions of the hamiltonian are found by numerical diagonalization. They can be classified by the isospin and the signature (symmetry with respect to R x (π)) which are conserved by the model hamiltonian. about the same frequency as in the even even neighbors. For more asymmetric filling, the crossing in the odd-Z system is again delayed. This is in accordance with our calculations.
III. EXAMPLES FOR DELAYED CROSSING
The crossing in the odd-Z nuclei lies above the one in the even even for Z < N but below it for Z ≥ N (cf. figs. 1 and 3). The inverse ordering for near symmetric filling as compared to asymmetric filling can be attributed to a delay of the crossing in the N = Z system which is stronger than the one in the odd Z system. This is born out by the systematic calculations for the f 7/2 shell, presented in the next section.
IV. SYSTEMATICS OF THE CROSSING FREQUENCY
The features discussed above reflect a systematic tendency that is illustrated in fig. 4 and 5, showing J x (ω) and J (2) (ω) = dJ x /dω for the f 7/2 shell. ( We have chosen f 7/2 shell since the dimensions of the matrices to be diagonalized are lower and a systematic study is possible .) The alignments show up as peaks in J (2) . We are interested in the alignment of a pair of f 7/2 neutrons, which is displayed in lower panels of the figs. for the pure neutron N = 2 and N = 4 cases. If there were no proton-neutron correlations, the frequency at which these alignments appear would not change with the number of protons. However, this is not seen. Instead, the critical frequency for the neutron alignment first grows with the number of added protons. The shift reaches its maximum when Z = N and then decreases when Z becomes larger than N. Of course, the role of N and Z could be exchanged.
Qualitatively, one may ascribe the progressive delay of the crossing to p -n correlations that disfavor the simultaneous alignment of protons and neutrons ( e. g. p -n pairs with a low J ), generated by the attractive p -n interaction. The more protons are added the stronger the correlations become, until Z = N. As discussed in [6] , the character of the pn interaction between the aligned protons and neutrons changes from attractive to repulsive when Z exceeds N, because the character of the aligned configuration changes from particle -like to hole -like. This shifts the p -n correlations to the highly excited states, whereas the yrast states are not much modified by the p -n interaction.
The shift of the crossing frequency is a consequence of the T = 1 part of the δ-interaction.
The dashed dotted line in fig. 4 shows a calculation where the T = 0 part of the δ-interaction have been removed. The function J x (ω) almost coincides with the one calculated with the full force. The question if the p-n correlations that cause the shifts belong to the particle-hole channel or the particle-particle channel (or to both) cannot be decided on the basis of the shell model calculations. For this, comparisons with mean field calculations are necessary, which will be addressed in a forth coming paper. We state here only the existence of strong p-n correlations of the T = 1 type between nucleons in the same j-shell, which cause a delay and smoothing of the first bandcrossing.
A delay of the onset of the bandcrossing for N = Z = 36 has recently been observed in the Kr isotopes [10] (cf. fig. 2 ). It is suggested in the paper that the delay may be a consequence of T = 0 pair correlations. As already mentioned, the dashed dotted line in fig. 4 shows a calculation where we have switched off the T = 0 part of the interaction. It is seen that the results are almost the same as for the full force, i.e. the T = 0 correlations do not influence the alignment significantly .
The delay of the AB -crossing in even -even nuclei with N = Z has recently been discussed in ref. [20] . In the framework of Cranking -Hartee -Fock -Bogolyubov theory applied to particles in the g 9/2 shell, the authors demonstrate that the crossing frequency is shifted to larger values if they include a T = 1 p -n pair field. This is consistent with our finding that the shift is caused by the T = 1 part of the p -n interaction.
Comparing in figs. 4 and 5 the alignment of the odd-proton in the Z = 3 system with the one in the Z = 3, N = 2, 4 one notices also the the alignment of an odd-proton is hindered by the presence of neutrons in the same j shell.
V. DEFORMATION CHANGES
The observed delay and the smoothing out of the neutron alignment has also been attributed to an increase of the deformation induced by the odd high-j proton. This mechanism has first been pointed out in ref. [2] as the possible origin of the delayed i 13/2 neutron backbend if an h 9/2 proton is present. It has been substantiated by systematic calculations of the equilibrium deformations for bands with an odd-proton in the h 11/2 , h 9/2 and i 13/2 orbitals (cf. e. g. [21, 16, 18, 22] ). Though being in the right order of magnitude, the calculations tend to underestimate the experimental shifts. The p-n residual interaction has been invoked to be responsible for the remaining discrepancy [21, 16] . In a quantitative study of a QQ-type p-n interaction acting in the particle-hole channel ref. [22] finds only very small shifts.
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VI. CONCLUSIONS
It is clear from the present work that the alignment of high-j nucleons with the rotational axis is sensitive to the p-n interaction. The alignment of one kind of particles is delayed and becomes more gradual when the other kind of particles is present in the same j shell. The effect reaches its maximum for N = Z and is a consequence of T = 1 correlations between the odd-proton and the neutrons. For Z = N the crossing frequency in the even system is higher than for asymmetric filling. The experimentally observed delay of the first back bend in Z = N even-even 72 Kr can be attributed to these correlations. The experimentally observed delay of the first backbend in even-neutron nuclei by the presence of odd-protons in the same j shell could be a combination of these correlations and the change of deformation induced by the odd-nucleon. By measuring the deformation and/or calculating it one may try to disentangle the two effects and probe the p-n correlations. Lower panel: Only one kind of particles, the number of which is quoted.
